APPLICATION UNDER UNITED STATES PATENT LAWS 

Atty. Dkt. No. PW 284421 

(M#) 

Invention: ILLUMINATION DEVICE FOR PROJECTION SYSTEM AND METHOD FOR FABRICATING 
Inventor (s): SMITH, Bruce W. 



00909 

Pillsbury Winthrop LLP 



This is a: 

□ Provisional Application 

□ Regular Utility Application 

|3 Continuing Application 

0 The contents of the parent are incorporated 
by reference 

□ PCT National Phase Application 

□ Design Application 

□ Reissue Application 

□ Plant Application 

□ Substitute Specification 

Sub. Spec Filed ____ 

in App. No. / 

□ Marked up Specification re 

Sub. Spec, filed 

In App. No / 

SPECIFICATION 



30269 180 J DOC 



PAT-100CN 10/01 



PA IT.NT 
81468-284421 



ILLUMINATION DEVICE FOR PROJECTION SYSTEM 
AND METHOD FOR FABRICATING 

Cross-referen cetoRelated Applications 

The present application is a division of U.S. Patent Application 
No 09/422.398. filed October 21, 1999, which claims the benefit of the pnonty date 
of the following U. S. Provisional Application Nos. 60/105,281 filed October 22, 
1998 and 60/1 19,780, filed February 11, 1999, each of whtch applicattons are hereby 
incorporated in their entirety into the present application by reference. 
5 Reference is also made to co-pendmg application entitled "lllummaUon 

Dev.ee for Projection System and Method for Fabricating:' (Atty Docket 
No. 81468/284420) being filed concurrently herewith and hereby incorporated ,n Us 
entirety into the present application by reference. 

Q Rack ground of the Invention 

Optical lithography has been one of the princtpal driving forces behind the 
continnal improvements in the size and performance of the integrated etrcu.t ( C 
since its inception. Feature resolution down to 0.30 pm is now rou.me ustng he 365 
>s „ m mercury (He) i-line wavelength and optical projection tools operatmg a. 
" Le^ el;* above 0,5 with aberratton levels below 0.05 X RMS OPD. The 
industry is a, a point where resolution is limited for current opttcal Itthograph, 
technologies. In order to extend capabilities toward sub-0.25 pm. modtfteattons tn 
source wavelength, opt.es, illumination, masking, and process technology are reennred 
30 and are getting very much attention. 

However, as devices ge, smaller, the photomask pattern becomes fine. Fme 
patterns dtffrac, light and thus detract from imaging the photomask onto the surface of 
a wafer FIG. la shows what happens when a photomask with a fine pattern 6 havtng 
a high frequency (pi.eh 2d is about several mtcrons), is illuminated throng a 
35 projection lens system 7. The fine pattern 6 is illuminated along a d, r ee„o„ 
' perpendicular to the surface thereof and ,, diffracts the light that passes through the 
mask 6. Diffraction rays 3 - 5 caused by the pattern include a zero-tb order dtffracuon 
rav 5 dtreeted in the same direction as the direetton of advaneemen, of the mpu. ray. 
and higher order diffraction rays such as positive and negative firs, order dtfTrae.ton 
40 ravs 3 4. for example, directed in directions different from the input ray. Among 
these diffraction rays, those of part.eular diffraction orders sueh as. for example, the 
7 ero-,h order diffraction ray and positive and negative first order diffraefon rays 3. a. 
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5 are incidenl on a pupil 1 of the projection lens system 7. Then, after passing through 
the pupil 1. these rays are directed to an image plane of the projection lens system, 
wherebv an image of the fine pattern 6 is formed on the image plane. In this type of 
image formation, the ray components which are contributable to the contrast of the 
imag e are higher order diffraction rays. If the frequency of a fine pattern increases, it 

10 raises a problem that an optical system does not receive higher order diffraction 
rays. Therefore, the contrast of the image degrades and, ultimately, the imaging itself 
becomes unattainable. 

As will be shown below, some solutions to this problem rely upon shaping the rays of 
light impinging the photomask in order to provide off-axis illumination to compensate 

1 5 for the lost contrast due to diffraction. These techniques rely upon optical systems tor 
shaping the rays that illuminate the photomask. 

In considering potential strategies for sub-0.25 urn lithography, the 
identification of purely optical issues is difficult. Historically, the Rayleigh criteria 
for resolution (R) and depth of focus (DOF) has been utilized to evaluate the 

20 performance of a given technology: 

R = kiX/NA 



25 



DOF = +/- k 2 X/NA 2 



where k, and k 2 are process dependent factors, X is wavelength, and NA is numerical 
aperture As wavelength is decreased and numerical aperture is increased, resolution 
capability improves. Considered along with the wavelength-linear and NA-quadratic 
loss in focal depth, reasonable estimates can be made for system performance. 
30 Innovations in lithography systems, materials and processes that are capable of 
producing improvements in resolution, focal depth, field size, and process 
performance are those that are considered most practical. 

The Hg lamp is a source well suited for photolithography and is relied on 
almost entirely for production of radiation in the 350-450 nm range. Excimer lasers 
35 using argon fluoride (ArF) and krypton fluoride (KrF), which produce radiation at 1 93 
nm and 248 nm, respectively, are also used. DUV lithography at 248 nm is now 
being implemented into manufacturing operations and may be capable of resolution to 
0.18 urn 

The control of the relative size of the illumination system numerical aperture 
40 has historically been used to optimize the performance of a lithographic projection 
tool. Control of this NA with respect to the projection systems objective lens NA 
allows for modification of spatial coherence at the mask plane, commonly referred to 
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partial coherence. This is accomplished through specification of the condenser lens 
pupil size with respect to the projection lens pupil in a Kohler illuminat.on system. 
Fssentially. this allows for manipulation of the optical processing of detraction 
information. Optimization of the partial coherence of a projection imaging system is 
conventionally accomplished using full circular illuminator apertures. By controlling 
the distribution of diffraction information in the objective lens with the illuminator 
pupil size, maximum image modulation can be obtained. Illumination systems can be 
further refined by considering variations to full circular illumination apertures. A 
system where illumination is obliquely incident on the mask at an angle so that the 
zero-th and first diffraction orders are distributed on alternative sides of the optical 
axis may allow for improvements. Such an approach is generally referred to as off- 
axis illumination. The resulting two d.ffraction orders can be sufficient for imaging. 
The minimum pitch resolution possible for this oblique condition of partially coherent 
illumination is 0.5/,/NA, one half that possible for conventional illumination. This is 
accomplished by limiting illumination to two narrow beams, distributed at selected 
angles The illumination angle is chosen uniquely for a given wavelength (X), 
numerical aperture (NA), and feature pitch (d) and can be calculated for dense 
features as sin' (0.5A/d) for NA = 0.5 A/d. The most significant impact of off axis 
illumination is realized when considering focal depth. In this case, the zero-th and 1st 
diffraction orders travel an identical path length regardless of the defocus amount. 
The consequence is a depth of focus that is effectively infinite. 

In practice, limiting illumination to allow for one narrow beam or pair of 
beams leads to zero intensity. Also, imaging is limited to features oriented along one 
direction in an x-y plane. To overcome this, an annular or ring aperture has been 
emploved that delivers illumination at angles needed with a finite ring width to allow 
for some finite intensity. The resulting focal depth is less than that for the ideal case, 
but improvement over a full circular aperture can be achieved. For most integrated 
circuit application, features are limited to horizontal and vertical orientation, and a 
four-zone configuration may be more suitable. Here, zones are at diagonal positions 
oriented 45 degrees to horizontal and vertical mask features. Each beam is off-axis to 
all mask features, and minimal image degradation exists. Either the annular or the 
four-zone off-axis system can be optimized for a specific feature size, which would 
provide non-optimal illumination for all others. For features other than those that are 
targeted and optimized for. higher frequency components do not overlap, and 
; additional spatial frequency artifacts are introduced. This can lead to a possible 
degradation of imaging performance. 

When considering dense features (1:1 to 1:3 line to space duty ratio), 
modulation and focal depth improvement can be realized through proper choice of 




pa i i;n r 

81468/284421 



illumination configuration and angle. For true isolated features, however, discrete 
diffraction orders would not exist; instead a continuous diffraction pattern is 
produced. Convolving such a frequency representation with either illumination zones 
or annular rings would result in diffraction information distributed over a range of 
5 angles. Truly isolated line performance is, therefore, not improved with off-axis 
illumination. When features are not completely isolated but have low density (>1 :3 
line to space duty ratio), the condition for optimum illumination will not be optimal 
for more dense features. Furthermore, the use of off-axis illumination is generally not 
required for the large pitch values that correspond to low density geometry. As dense 
10 and mostly isolated features are considered together in a field, it follows that the 
impact of off-axis illumination on these features will differ, and a large disparity in 
dense to isolated feature performance can result. 

One approach to generate off-axis illumination is to incorporate a metal 
aperture plate filter into the fly eye lens assembly of the projection system illuminator 
1 5 providing oblique illumination. A pattern on such a metal plate would have four 
quadruple openings (zones) with sizing and spacing set to allow diffraction order 
overlap for specific geometry sizing and duty ratio on the photomask, as disclosed in 
JP patent Laid-Open (KOKAI) Publication No.4-267515. Such an approach results in 
a significant loss in intensity available to the mask, lowering throughput and making 
20 the approach less than desirable. Additionally, the four circular openings need to be 
designed specifically for certain mask geometry and pitch and would not improve the 
performance of other geometry sizes and spacings. Large levels of mask biasing or 
mask optical proximity correction (OPC), where mask features are pre-distorted to 
produce desired image characteristics, would be required to allow for use of this 
25 approach with a variety of features. Filtering, by limiting its effective area, reduces 
the effect of the fly eye diffuser on maximizing illumination uniformity. Illumination 
uniformity may be degraded. This approach also limits the illumination profile to one 
having holes in a metal plate. That is, the masking metal must remain contiguous. 
The previous work in this area describes such methods using either two or four 
30 openings in the aperture plate: EP0500393, US5305054, US5673103, US563821 1, 
EP0496891, EP0486316, US 37,9252. 

Another approach to off-axis illumination using the four- zone configuration, 
which is disclosed in U.S. Patent No. 5,627,625, is to divide the illumination field of 
the projection system into beams that can be shaped to distribute off-axis illumination 
35 to the photomask. By incorporating the ability to shape off-axis illumination, 

throughput and flexibility of the exposure source is maintained. Additionally, this 
approach allows for illumination that combines off-axis and on-axis (conventional) 
characteristics. By doing so, the improvement to dense features that are targeted with 
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off-axis illumination is less significant than straight off-axis illumination. 1 he 
performance of less dense features, however, is more optimal because ot the more 
preferred on-axis illumination for these features. The result is a reduction m the 
optical proximity effect between dense and isolated features. Optimization ,s less 
5 dependent on feature geometry and more universal illumination conditions can be 
selected. 

A problem with this divided illumination approach is that it requires 
reconfiguration of the illumination system of a projection tool, a task that is not 
practical on existing tools or systems designed with other illumination systems. 

,0 Additionally, the use of divided beam illumination limits the fine control of beam 
shape size, and position to that which is possible with optical components utilized m 
the system. Variations in shape, size, position, number of beams, maximum aperture 
size or other feature or lens specific variations to the illumination intensity profile 
become difficult without significant mechanical modifications. Some variations m ay 

1 5 not be practical or possible with this approach. This has significantly limited the 
acceptance or use of this approach in most integrated circuit fabricate operations. 

Summary, of the Invention 

20 A shaped illumination approach is described that allows for off-axis 

illuminafion of a photomask in a projection exposure tool. It is necessary to control 
both the off-axis and the on-axis character of the illumination for instance so that 
dense line performance can be improved and more isolated line performance can be 
maintained, i.e., optical proximity effect (hereinafter "OPE") is kept to a minimum. 
Minimal OPE correction is desired to reduce mask complexity. There is also a desire 
for a flexible technique that can be incorporated into most existing or future 
generation projection exposure tools with a minimum amount of illumination system 
retrofitting It is important that such an improvement be easily removed to allow a 
return to original operation conditions since it is expected that a given projection 
30 exposure system would be used for a variety of applications. Such an approach can 
,ead to optimizing illumination conditions, which can be incorporated into an 
exposure system as a more permanent condition. The invention also provides an 
.mprovement that allows for fine adjustment or modification to accommodate mask- 
specific or lens-specific characteristics is important as resolution and focal depth 
V requirement are pushed beyond the capability of conventional optical lithography. 

Maintaining illumination throughput is also critical, as any loss in intensity will result 
in increased exposure time requirements. 
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The invention provides such a solution. It modifies existing illuminat.on 
svstem hv adding a masking aperture in the illumrnation pupil plane, fabricated as an 
oprical component reticle, patterned and dithered in,o a large number ol elements to 
aL for control of the projected light disrribufion a, the mask plane and mserted a, 
5 the condenser lens pupii plane. This mask.ng aperture compnses a translucent 

substrate and a masking film. The dis.ribuuon of the intensity through the mask.ng 
aperture in the illumination pupil plane, is determined to provide opt.m.zed 
ffluminat.on. The .nomination region or regions exhibit varying intensity, wh.ch ,s 
accomplished by creating a half-tone pattern via pixelation of the mask.ng film. 
,0 ITeb allowing for max.mum var.at.on in illumrnation beyond the s.mp.e b.nary 
(clear or opaque) possible with earlier pupil plane filtering approaches. 

More specifically, the invention includes an aperture mask for an dlum.na ,o„ 
system to prov.de controlled on-axis and off-axis iUuminafion. The aperture mask 
L as a diflraerion elemen,. The aperture mask is divided into an array o elements 
, 5 and each element contains an array of pixels. Each of ,he elements ,s —ted 
w„h a matrix of pixels. In the preferred embodiment the array of p.xels ts 8 x 8. The 
Tier of elements in the illum.nation array are generally larger than 3 x 3 an array 
s.zes of 21 x 21 and 51 x 51 are an example, wh,ch correspond to 441 and 2601 
elements respectively. The elements are patterned in accordance with a seated 
20 wavelength of incident light to diffract the incident light mto an dlunnnat.on pattern 

for illuminating a photomask. 

The intensity is modulated by the intensity state of pixels within each element. 
The highest intensity elemen, has all pixels clear or maximum intensity. Light of 
suitable wavelength passes through without attenuation. An elemen. w.th 64 p.xels 
25 av,ng dark or min.mum intensity attenuates or blocks a„ light. Elements 

between none (0%) and a„ (.00%, are created by the state of the p.xels m a g. ven 
elemen. Random patterns and other patterns be.ween elements may produce art.fects 

mTar to moire patterns. Such artifacts are undes.red. 1 discovered that a tthered 
pattern using position dependent thresholds produced illumination patterns that had 

30 little or no artifacts. 

I also discovered that traditional, optical shaping systems such as beam- 
splitters or diffractive optical elements and my diffraction shaping system can each be 
improved by adding an .nomination aperture. A square illumination aperture shows 
maximum improvement. It is located a, or near the pupil of the illunnnat.on sys em. 

35 An aperture with a large, central square opening and an opaque border ,s mserted a 
,he condenser lens pupil prox.mate to the fly's eye lens. It can also be des.gned mto 
,he masking aperture. The resulting .llumination pattern Alls the corners and squares 
rhe edges of the illumination pupil and limits the non-optimal frequency spreadmg 
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character along the x and y axes while optimizing the off-axis illumination angles. 
The square illumination aperture is especially helpful for imaging features that are 
oriented along x and y directions in the mask plane. The use of a central obscuration 
(square and also round shaped) applied in the same location can similarly be achieved 
and can lead to performance improvements described hereinafter. Furthermore, any 
combination of off-axis illumination with a square pupil or obscuration has potent.al 
to improve performance for geometry oriented in the x-y direction. This can include, 
but is not limited to. round zones, elliptical zones, square zones, and annular slots 
(that is an annular ring masked off on x and y axis to form arc-shaped zones). 



10 



Rrief Description of the D rawings 

Figure 1 a 1 is a schematic view of an illumination system for a photomask. 

1 5 Figure lb shows the zero-th and first positive and first negative diffraction rays. 

Figure lc is a schematic view of a four-zone illumination arrangement. 

Figure 2 is a drawing showing diffraction orders (first and zero) for 130 nm x- 
90 oriented features using four-zone illumination, plotted in the frequency plane of the 
objective lens. Center sigma is 0.68 and radius sigma is 0.13, chosen to accommodate 
feature pitch values from 260 to 455 nm. 

Figure 3 is a drawing of the continuous tone intensity distribution for a masking 
25 aperture based on four distributed-intensity zones. 

Figure 4 is a plot of the x-y distribution of dithered bilevel masking cells for an 
illumination aperture consisting of four circular normal distributed-intensity zones 
placed at diagonal positions corresponding to off-axis illumination for geometry 
30 oriented in horizontal and vertical directions. The axes are divided into relative 
distances using the center and the edges of the mask. 

Figure 5 is a three dimensional plot of the x-y distribution shown in Figure 4. 

IS Figure 6 is a drawing of surface contours of the continuous tone intensity distribution 
for a masking aperture based on two distributed-intensity zones where the maximum 
off-axis angle is limited to one direction. 
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Figure 7 is a plot of the x-y distribution of dithered, bilevel masking cells for an 
illumination aperture consisting of four elliptical normal distributed-intensity zones 
placed at diagonal positions corresponding to off-axis illumination for geometry 
oriented in horizontal and vertical directions. The axes are divided into relative 
distances using the center and the edges of the mask. 

Figure 8 is a contour plot of the x-y distribution shown in Figure 7. 

Figure 9 is a three dimensional plot of the x-y distribution for an illumination 
aperture consisting of four stepped square distributed-intensity zones placed at 
diagonal positions corresponding to off-axis illumination for geometry oriented in 
horizontal and vertical directions. 

Figure 10 is a contour plot of the x-y distribution for an illumination aperture 
consisting of four stepped square distributed-intensity zones, as described for 
Figure 9. 

Figure 11 is a plot of the x-y distribution of dithered, bilevel masking cells for an 
illumination aperture consisting of four elliptical normal distributed-intensity zones, 
as described for Figure 9. 

Figure 12 is a schematic representation of the bilevel representation of 65 gray levels 
using the ordered dithering algorithm. 

Figure 13 is a graph showing normalized aerial image log-slope (NILS) vs focus for 
130 nm features using four-zone illumination, a c =0.68 and a r =0.20. 

Figure 14 is a graph showing normalized aerial image log-slope (NILS) vs. focus for 
130 nm features using distributed-intensity four-zone illumination (o c =0.68 and 
a r =0.30) and a circular hard stop (cr=0.8). 

Figure 15a is a graph showing normalized image log slope (NILS) vs. focus for 130 
nm features using the illumination shown in Figure 19. 

Figure 15b is a graph showing normalized image log slope (NILS) vs. focus for 130 
nm features using the illumination shown in Figure 23. 
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Figure 15c is a graph showing normalized image log slope (NILS) vs. focus for 
annular ring illumination of 150 nm features using 248 nm wavelength and 0.63 NA, 
with duty ration of 1 : 1 .5 to 1 :5. 

5 Figure 15d is a graph showing normalized image log slope (NILS) vs. focus for 
square ring illumination of 150 nm features using 248 nm wavelength and 0.63 NA, 
with duty ration of 1:1.5 to 1:5. 

Figure 16 is a plot of the normalized image log slope, showing influence of a circular 
1 0 four-zone (a c =0.7 and a r =0.2 on a zero intensity field) with 0. 1 waves of primary 
aberrations: astigmatism, tilt, spherical, and coma, through focus for a 130 nm 
features imaged with a 193nm imaging system using a numerical aperture of 0.6. 

Figure 17 is a plot of the normalized image log slope, using the bi-level 
1 5 representation of the distributed-intensity illumination described for this invention. 

Figure 18 is a contour plot of circular gaussian zones used to optimize energy 
distribution in the pupil, where energy is concentrated in the center of the pupil and at 
off-axis angles. 



20 



35 



Figure 19 is a three dimensional plot of circular gaussian zones and a square limiting 
zone used to limit the on-axis illumination component while retaining off-axis zone 



energy. 



25 Figure 20 is a perspective view of a beamsplitter illumination system with a square 
aperture mask inserted in its pupil. 

Figure 21 shows how a square central obscuration can be included in an aperture to 
reduce the on-axis character of illumination and improve the performance of dense 
30 features. 

Figure 22 shows the square ring, off-axis source which delivers optimal off-axis 
illumination for dense features while providing on-axis illumination for more isolated 
features. 



Figure 23 shows how the square ring approach can be combined with the gaussian 
four- zone approach to emphasize corner zone effects. 
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Figure 24 is a contour plot of a combined annular and gaussian tour-zone aperture to 
improve the off-axis character of annular illumination. 

Figure 25 is an illumination system using diffractive optical elements and a square 
5 aperture. 

Figure 26 is a 51 x 51 element array of a dithered half tone pattern. 

Detailed De scription of the Invention 

1 ° For given ranges of feature types and/or sizes (types being lines, spaces, 

contacts, and dense or isolated combinations of these) exposure conditions are 
optimized bv determining the average off-axis angle to accommodate all fea ures. 
The distribution of off-axis angles is then determined based on the range of feature 
15 sizes of interest. As the range of feature sizes increases, the condition of off-axis 

illumination approaches a limit equivalent to the on-axis condition. Most commonly, 
duty ratios for a given feature size may range from 1 :1 to 1 :6 line:space ratio. The 
spread of off-axis illumination angles is accomplished by shaping zones (for the two 
or more zone, including four-zone) or rings (for the annular ) to produce continuous 

20 intensity distributions. 

As an example of the design considerations, 130 nm features are considered 
using a 193nm exposure wavelength and a 0.60 objective lens numerical aperture. 
Duty ratios from 1 : 1 to 1 : 6 are included. Features are considered dense with a duty 
ratio less than 1 :3 - Table 1 shows the pitch values (p) for these dense features, along 
, 5 with the required axis center sigma and four-zone center sigma (a c ) values for 
optimum off-axis illumination. Center sigma values on axis are determined as 
J ( 2 P NA) . as shown in Figure 1 . S.nce diffraction order placement is determine by 
the projection of the four-zone onto the x or y axis, the center four-zone sigma values 

are larger by a (2) l/2 factor. 
30 in order to design an off-axis illumination configuration that can 

accommodate and enhance the range of pitch values in Table 1 . zone position and 
radms values must be chosen so that some amount of order overlap occurs tor each 
case. This can be accomplished if the four-zone center o c and the radius a r values are 
set as follows: 

Gc = SQRT(2)*(0.61+0.35)/2 = 0.68 
a r >(0.61-0.35)/2 = 0.13 
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These choices for zone center and radius values currespond to the situation 
where zero and fin. diffraction orders begin to overlap for .he extreme pi.ch values .1 
,60 and 455 nn, as shown in Figure 2. The (2)" W does no. factor ,n.„ 
5 determination of a, values since .he zone rad.us is projected direc.ly on.o .he axes. 
The exren, of order overlap for .hese extreme pi.ch values is. however, mostly 
.effectual, and larger o values are reared ,o influence performance. *«££L 
0 20 allows for significant order overlap (-20%) and is a more pracucal starttng v alue 

l0 fM b o.h dense and isolated features, tllumh— nesenrb.es 

bo.h the strong four-zone and the conven.tonal on-axis illuminatron ts desnable. Thts 
^ead, for tnstance. to .he four-zone illumination des.gn where eirenlar zones are 
renlaced with continuous rone zones, as shown m Figure a. 
TalTe ,. Pi.eh and sigma values for 130 „ fea.nres and ,:. to 1.2.5 du.y rartos. 

15 „,._,. ,-_x axis simia four-zone signa 
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Duty 


Pitch (nm) 


axis sigma 


1:1 


260 


0.61 


1:1.5 


325 


0.50 


1:2 


390 


0.42 


\0 S 


455 


0.35 



0.87 
0.71 
0.59 
0.49 
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The masking aperture of this invention is a bilevel representation of the 
desired intensity distribution in the illuminator. It is desired to resemble a near 
cTnluously varying transition from open to opaque areas. To achieve this result, the 
l~n y pa«L is divided into a large number of elements and each element, a 
Irix of pixels. Dithering or pixe.ation of the continuous distnbut.on at intensity » 

— to te or i** **** ^ » 

c ct^tQvQ 11x11 21x 21 or 51x51 
lame consisting of, for instance, 5 x 5, 7 x 7, 9 x J, 1 1 x , _ 

erne ,s. hn. no, hnrited to rhese eases. The tdnmtnarion profile is d.vrde d c .such 
an element array, individua, mashing pixels are smaU. on .he order of .0 o 00 pm. 
a „d are either translucent or opaque. Their size is dependent on the s,ze ol the 
phyla, mashing aperture. The continuous .one na.nre of .he iHomntatton 
pi le is transited hy eonrrolling the spafia, density of ,he hilevel dtsp.ay states on 

ashing aperture. Several decision rules may he implemented to produce the 
„lu dtstr hution on the mashing aperture. A fixed threshold technique ,s stmp, est 
„ ol bu, an ordered di.hering approach may be used ,0 most effecvely translate . 
continuous tone tntenshy profile into a bilevel mashing aperture represenumon. 
,„ ttnsit v values are compared to a posifion-dependen, set of threshold values. 
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rained in ,»«. dither matrix. A set of selection rules repeats the dither matnx ,„ 

Aboard arrangement over the illumination fie,d. One hey ,0 thts approach „ 
th e generation of a bilevel representation of the continuous tone image w„h the 
! la, amount of tow spatial fluency noise. In other words. , e occurrence „, 
5 Lure, granularity, or other artifacts is reduced to a minimum allowing tor he 
critical control of il.umination uniformtry demanded in projedon exposure too s. 

The rcsulrmg hilevel rcpresenration of the continuous tone off-axis and/or on- 
axis illuminatron profile is then suitable for recording into a photo-senstttve or 

, on beam-sensitive res.s, materia! through use of mask pattern generator Other 
,„ a rches might use li.hographic techniques conrmon to lithograph, or pnnumg 
technologies. Such a resist material, when coated over an opaque film on translucent 
ubs L can allow for pattern delineation and creation of the masking apertur . 

in the present tnvention. the existing intensity distribution a, the pupil plane of 
an illuminauon system for a projection exposure too, is modified 
, , bilcve, masking aperture contatning a masking cell representauon of a continuous 
' 5 J tlsity Libufion. Figures 4 and 5 show such dis.rjbuiions where ou 

dist ribu,ed.i„,e„sUy zones allow for off-axis and on-axis , ,um,na„o„ of a photomask 
that contains geometry oriented in horizonta, and verfca, directions only A 
maximum circular dimension is defined by a limiting zone, designed to hmt, the 
2 0 Z Z off-ax, ang,e projected onto the mask. This is used ,o balance 
Rumination provided to the mask with the degree of coherency of the o„-ax,s 
I Lion Smaller geometry requires higher levels of o„-axis partta, coherence 
Zg to .arger limiting zones. The extent of the zone „„, generally correspond to 
oos dons near or beyond the maximum zone or angular position for the off-axis 
25 "n. generally in, bu, no, ,imi,ed ,o, ,he range from 0, ,0 , .a Thr t .menslty 
a, anv position located beyond this limiting zone ,s set to zero. The shape of this 
L"n ts no, necessanly circular, and selection of ,he shape will depend on e 
2 "of feature orientation a, the mask. Features constrained ,0 one orientation only 
re 'uire limitation of off-axis illumination in one direction, resuhing in assigning a 
30 a of zero ,o any clemen, beyond me required x or y value corresponding o ,he 

m „ gle. as shown in Figure 6. This allows for maximum energy at angles w„h 
r s red range and can lead to improved imaging and throughpu, perlormance. 
TJ1 constrained ,0 ,wo orientations only require tha, ,he aperture mi, o^ 
iltominalion angles in two orrhogonal directions, leadtng ,0 , , non-c reu.a, or^are 
35 two dimensional character of the limiting zone as shown ,n Figure 1.. The tnvention 
allows for this tailoring of the illumination. 

,f the existing illumination intensity distribution a, ,he puptl plane of the 
iHummation system is no. uniform, the non-uniformi.y a. the plane can be 
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deconvolved in accordance with the invention to result in a masking aperture that also 
incorporates compensation for non-uniformity, for example, many steppers provide a 
pupil that is guaranteed uniform (+/- 1%) for only 80% of its full opening. At 85% 
open, the uniformity of illumination may vary up to +/- 10% or more. With the 
5 invention, the non-uniformity may be canceled or reduced to an acceptable level. 

The overlapping of the continuous intensity regions in the center of the 
illumination field produces the on-axis character required for less dense features. The 
central intensity is generally greater than 0% and is commonly in the 10 to 50 % 
range. 

1 0 Illumination zones within the masking aperture control the illumination to 

mask and are designed to produce optimal off-axis, on-axis, or combined 
illumination. This invention allows for an infinite variety and number of such zones. 

Some are most desirable. 

Zones may be circular, elliptical, 45 degree elliptical (that is, elliptical but 
1 5 oriented with axes at angles of 45 degrees and 1 35 degrees ), square, or other shapes 
dependent on the desired distribution of diffraction information to match mask 
geometry requirements or specific lens behavior. The distribution of the energy in 
these zones or rings may be stepped, Gaussian, Lorentzian, or other similar shape. 
The kurtosis of gaussian distributions may be normal (mesokurtic), narrow 
20 (leptokurtic), or flat-topped (platykurtic), or combinations of these among zones. 
Skewness, or departure from symmetry of the distribution may be utilized for 
differential weighting of certain feature sizes. Circular symmetry may be best suited 
for most general cases and elliptical distributions can be utilized to accommodate x-y 
nonuniformities of the photomask or imparted by the projection lens (a result for 
25 instance of astigmatic or comatic aberration). Figures 7 and 8 show four elliptical 
normal distributed-intensity zones placed at diagonal positions corresponding to off- 
axis illumination for geometry oriented in horizontal and vertical directions. Figure 
18 shows how rotated elliptical gaussian zones can offer improvements in intensity 
distribution for x and y oriented geometry by concentrating some energy in the center 
30 of the pupil and the remaining energy distributed at four-zone angles. Here, rotation 
of the zone axis allows for a symmetrical distribution. In this case, energy on the x/y 
axes is limited, reducing the non-optimal, on-axis illumination of targeted dense 
features. An increase in the efficiency of zero and first diffraction order overlap can 
result from such an illumination distribution. 
35 For imaging of geometry in two directions only (x and y only for instance), 

there is only a need to spread diffraction order information in the direction of 
geometry. By limiting zone intensity distribution to x and y directions, resulting in 
continuous intensity or stepped- square shaped zones, maximum off-axis illumination 
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is maintained up to the maximum angle allowed by the zone dimensions. Beyond 
these angles, the degree of off-axis illumination is limited and ean be tailored more 
specifically for the x and y oriented geometry, f igure 9 and 10 shows how stepped- 
square zones are implemented in an illumination profile. Figure 1 1 shows how this is 
5 translated into the bi-level representation. 

A square or rectangular shaped obscuration (or an inner limiting zone) 
emphasizes the off-axis illumination for feature pitch values whose frequency 
distribution falls beyond the chosen value (greater than lambda/(w*NA) where w is 
the full width obscuration value between 0 and 2). This is shown in Figure 21 for a 
1 0 gaussian off axis distribution where the obscuration is 30% of the full aperture width. 
Combining a square outer limiting zone and a square obscuration, an optimal 
condition of off axis illumination exists also. For features oriented in on direction 
only, only two zones are needed on an axis opposite to the feature direction. These 
zones can be slots or rectangles since spreading of energy in the direction of feature 
1 5 orientation is of no consequence to imaging performance and increases throughput. 
With two dimensional geometry, four slots are needed in x and y direction, resulting 
in a square ring, as shown in Figure 22. This ring can also be considered as the 
combination of a square limiting zone and square obscuration. This rectangular ring 
source distribution can deliver off-axis illumination for features to 0.25lambda/NA, 
20 depending on the choice of the limiting outer square zone. This square ring source 
distribution can also be combined with other off axis approaches, such as a gaussian 
four-zone design. Figure 23 shows how a square ring source distribution is added to a 
gaussian four-zone design to produce results that are common to both approaches 
(that is better performance for more dense features out to 0.25lambda/NA and 
25 adequate through focus and through pitch imaging performance). 

Other combinations of source distributions are possible. Figure 24 shows how 
an annulur ring is combined with a gaussian four-zone design to emphasize the 
performance of more dense features than possible with the annular distribution alone. 
This approach can increase the off-axis character of the annulus and reduce the non- 
30 optimal on-axis character. 

The masking aperture varies the intensity of the transmitted light at any 
element by modulating the state of pixels in each element. The highest intensity 
element has all pixels on or at maximum intensity. Light of suitable wavelength 
passes through without attenuation. In a preferred embodiment as shown in Figure 
35 12. an element with 64 pixels at a minimum intensity attenuates or blocks all light. 

Pixels of intensity between none and all are created by the number of pixels in a given 
element. 
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A masking aperture with a bilcvel representation of sueh an illumination 
dismbmion U ereated by dithering the continuous tone images. Random technics 
TZ threshold teehnicues ean be used. These frxed threshoid teehn, q „es are 
d on decision rules where any m.ensuy value greater than a threshold value , I I 
5 e 1 in a transparent masking eel, and a value less man T results m an opauue 
ma king eel, The result is generally a b,gh degree on banding ,n the brieve! 
^ tin. A s„gh, rmprovement over this method is to replace T w„h e q ually 

intensity valuer f ., , h ed on a m e set that causes 

n" Fnr a D n matrix, a matrix element D ,j is chosen oaseu ui 

optimum dither matrix is represented by the recursion relatronshm: 



I 4 D »'i+D 2 00 U" 12 4D" l2 +D 2 0l U< 
D H 4D" /2 + Z)]„ <7" /2 4D" /2 + D] , I/' 



n/2 
n/2 



20 



where: 



1 ... 1 



25 



To produce an 8x8 matrix ,0 satisfy these optimization criteria. D8 becomes: 
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0 32 8 40 2 34 10 42 
48 16 56 24 50 18 58 26 
12 44 4 36 14 46 6 38 
60 28 52 20 62 30 54 22 
3 35 11 43 1 33 0 41 
51 19 59 27 49 17 57 25 
15 47 7 39 13 45 5 37 
65 31 55 23 61 29 53 21 



To utilize .his dithering matrix, for example, a con.tnuoustone element intensity 
d.stribution is divided into 64 !evel, The lowest intensity level plaees a ptxel tn the 
.asking element at the zero position An intensity value of 50% places pixe.s ,„ the 
firs, 3 1 posttions, and so forth, figure 1 2 schematically depicts the hilevel 
representation of 65 gray levels using the ordered dithering algorithm. Figure 
shows how this approach is usedinaSl x5, element array. Other posstbrfittes, such 
, as 2-level, 4-level. ,6-leve!, and so forth, are solved for in a similar manner. 

The performance improvement for ,30 nm features usinga 193nm wavelength 
and 0.60 lens numerical apenure is descrihed using a normalized aerial rmage log- 
slope NILS metric (normalized to the featuresize, Thts is the log of the slope of the 
intensity tmage (or aerial tmage). Figures 1 3 and ,4 show NILS plotted agatns, focus 
5 positton for circular zone and abi-leve. representation of distributed-in.enstty zone 
off-axts illumination where the central tntensity is 26%. The ratios are the hue to 
space size ratio, or duty ratio. The falloff of NILS across all feature duty rattos 
Iches more closely with tncreasing amounts of defocus for the dtstrihnted-tntenstty 
zone illumination compared to the circular zone condition. The resulttug impact on 
,0 lithographic imagtng is a reduction in the dense ,„ isolated line proximity effect. 
' Fieurc 1 5a shows the imaging improvement achieved w„h the square hm.ttng zone 
using the illumination profile of Figure 19. Figure 15b shows the further 
, mpr ovetnen, ustng the hybrid design of F.gure 23. Figures 1 5 a/d show a compartson 
of the square ring of Figure 22 with an annular (areolar) ring for a 248nm 
, 5 wavelength. 0.63NA & 150nn, features a, 1:1.5 duty ratio to 1:5 duty ratio. Ftgure 
, 5c shows the performance for an annular or areolar ring and Figure 1 5d shows the 
performance for the square ring. Illuminator d.mens.ons are identical, only the shape 
differs No circular or annular ring can match the performance of the square rmg. 
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The amount of total intensity allowed to pass through a masking aperture will 
determine its acceptability in situations where exposure throughput is a concern such 
as with the fabrication of integrated circuit devices, fable 2 is a comparison ol the 
throughput efficiency of several variations of the distributed-intensity four-zone 
approach, measured relative to conventional illumination with a a of 0.7 and a strong 
circular zone approach, where off-axis illumination is provided by four circular zones 
on a zero transmission field. The worst case throughput is for the circular zone four- 
zone design, where the total intensity through the pupil is 27% of that for 
conventional illumination with a=0.7. The distnbuted-intensity four-zone approach 
with a 0 7a circular hard stop leads to 83% throughput and the same design with a 0.7 
half-width square hard stop results in 85% throughput. If the square limiting zone is 
increased in size to 0.8 half-width, the throughput increases to 93% and imaging 
performance remains comparable to the circular hard stop. This efficiency comes 
about because of the amount of energy allowed at the corners of the square pupil, 
where the diagonal approaches the full extent of the condenser lens pupil, or a a value 
near 1 0 Comparison of intensity throughput is an important one as illumination 
modification is considered. If the illumination system of an exposure tool can allow 
full value, a =1 operation, this square hard stop variation of the distnbuted-intensity 
four-zone can lead to minimal losses. 



Table 2 

Illumination approach 



Relative Intensity 



1.00 



0.52 
0.83 
0.85 
0.93 



) 



Conventional, 0.7 a 0 27 

Circular four-zone 0.68ac, 0.2a r , 0.8a stop, 0% field 

Circular four-zone, 0.68a c , 0.2a r , 0.8a stop, 25% field 

Distributed-intensity four-zone, 0.68a c , 0.3a r , 0.7a circular stop 

Distributed-intensity four-zone, 0.68a c , 0.3a r , 0.7a square stop 

Distributed-.ntensitv four-zone . 0.68a c , 0.3a r , 0.8a square stop 

For on-axis conventional illumination, lens aberrations are evaluated assuming 
full use of a lens pupil. With off-axis illumination, diffraction information is 
distributed selectively over the lens pupil, influencing the impact of aberrations on 
imaging In general, astigmatic effects can worsen while spherical aberration and 
5 defocus effects can be improved. Coma induced image placement can be further 
aggravated with OAI unless rebalanced with tilt. Figure 14 shows how the 
normalized image log slope is impacted for circular four-zone (a c =0.7 and a r =0.2 on a 
zero intensity field) with 0.1 waves of primary aberrations: astigmatism, tilt, 
spherical, and coma, through focus for a 130 nm features imaged with a 193nm 
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imagmg system, using a numerical aperture of 0.6. Ahhou* the ei.ects .1 sphenca, 
aberration are minimal, .he loss in NILS for as.igma.ism. .11.. and coma arc 
signilican.. Figure 1 7 shows .he same imaging process using ">e b .-level 
representation of the distributed-in.ensi.y four-zone illuminat.on descrtbed m th.s 
invention. Similar results are obtained us.ng dithered intensity circular, stepped 
square and 45 degree elliptical zones. Here it can be seen .ha, .he mtluences of 
s gmaTsm and fil, are reduced a, zero defocus values and a. larger defocus values 
",.ive and negative, the influences of al, aberrations are reduced substanttally. 
as compared to the case shown in Figure 16. 

Implenrenratron of the invention into existing illuminat.on systems ,s 
accomplished via access ,o the tlluminarion op.ical system. In one embod.men,. 

I. d half-one illumination files are transferred lithographteally onto a transparent 
b rare such as fused silica, coated w,,h a suitably opaque masking layer such as 
tlm. A photoresist film coated over the meta, coated >— ^ b^e ,s 
exposed us,„g optica!, electron beam, or other methods by rransla mtg « h£*™> 
fllumtnation representatton into a suitable machine-readable form .. 
development and subsequent etching of the underlying maskmg film alio™ fa 
of the pattern to .he masking aperture. An anti-reflective layer can be coated over the 
masking film prior to photoresist coat.ng, exposure, and process.ng to reduce 
r/flt tion. stray light, and flare effects in the il.umination field of the exposure too,. 
An an.i-reflec.tve layer can be coated over the patterned aperture to march 
reflectances over the entire illumination field. Alignment of apertures ,s made 
possible by incorporating alignment flduc.als on the masking apertures and on an 
rtnre holders used to mount the invention into the exposure tool dlummatton 
stem Apertures can be inserted into as pupil plane of ,he i.luminaUon system. 
Those skilled in the art will undersland .ha. a number of .he new results 
achieved with the above-described aperture mask may also be achieved wuh a 
radhiona, beamsplitter illumination system. For example, cons.der an umma on 
system such as the one shown and described in U. S. Patent No. 5.627.625. When an 
, aperture mask 60 with a large, centra, square opening 64 and an opaque border 62 ,s 
inserted proximate to the fly's eye or in the lens pupil 19. the four beams from th 
beam splitter 16 generate contour and .hrce dimensional plots s.mtlar to Frgures 18 

Ho The beams fill the corners of the il.umination pupil and limit ,he non.pt.ma, 
frequence spreading character along the x and y axes while optimizing the olf-ax.s 
< illummahon angles. The new results can also be achieved with an 

system using drffract.ve optical elements (DOEs) to shape the dlumtnatton profile. 
An example of this illumination shaping method is described, for instance. ,n U S. 
Patent No 5.026.257 (Canon, and U.S. Patent No. 5.63 1 .721 (SVGL,. F.gure 2a 
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show , how an ^ (60) with a iarge. centra, square opening ,64, and an opaque 
T, <6"-> is inserted proximate to .ha beam shaping optica, system (2,. I his can 

described here, runnermu j c nrm » nrP f nr ceometry oriented in 

aperture or obscuration has potentta, ,0 improve P-*™^££ ,/ zones , 

» ^rs^rtr:^— ------- 

fOTm trture descrrbed above may be used aione o, in combination 

„„h prio art — es and appararus. For examp.e, ^ 

Laid-Open ( KOKAI) Publication No.4-2675 1 5 and discuss 

U S P t:^d iftne art wi„ understand ,Ha, the new resuirs achieved wrdt 
eihptical 5 degree e„ip,ical, square rings, and square shaped zones may also b e 

"Itrc^ptica., and square shapes in the beantsphrter unit .6 and superposing 
Tm uXg a prism uni, .7. Gaussian or similar shaped energy distrrbutron ,s 

25 POSS ' b ' e Those shiUed in the art wi„ aiso understand that the new resuhs achieved with 
eUiptical 45 degree eUipttcal, square rings, and square shaped zone may also b 

3„ t« oilmen,; to exhibit these charactensttcs. The micro-drffractrve 
,0 ^ beam-shaping optica, system C, m Bgure 2^ 

lipu,a,ed to a„ow for the required shaping ,, » we,, 
optica, elements (DOES) and halographic optical elements (HOEs) can allow 
^ —ion of arbitrary wavefronts with mote flexibi IHy an ^nce 
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achieve the desired results, as demonstrated for instance in U.S. Patent No. 5.926.257 
and in SPIK Vol. 1 354, ( 1990), 323. 

The present invention is described above but it is to be understood that it is not 
limited to these descriptive examples. The numerical values, number of zones, 
shapes and limiting zones may be changed to accommodate specific conditions ot 
masking, aberration, feature orientation, duty ratio requirements, lens parameters, 
initial illumination non-uniformities, and the like as required to achieve high 
integrated circuit pattern resolution. Results can also be obtained by controlling 
illumination at any Fourier Transform plan in the illumination system. 
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